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Abstract 
In this article, a new reduced-dimensional adaptive processing algorithm based on joint pixels sum-difference data for clutter 
rejection is proposed. The sum-difference data are obtained by orthogonal projection of the joint pixels data of different synthetic 
aperture radar (SAR) images generated by a multi-satellite radar system. In the sense of statistical expectation, the sum-differ- 
ence data contain the common and different information of the SAR images. Therefore, the objective of clutter cancellation can 
be achieved by adaptive processing. Moreover, based on the residual image after clutter rejection, statistical analysis of constant 
false-alarm rate (CFAR) detection of moving targets is also presented. Simulation results demonstrate the effectiveness and ro-
bustness of the proposed algorithm even with heterogeneous clutter and image co-registration error.  
Keywords: ground moving target indication; space-time adaptive processing; clutter rejection; multi-channel; synthetic aperture 
radar  
1. Introduction1 
By making use of long coherent integration time in 
the case of ground moving target indication (GMTI) 
with synthetic aperture radar (SAR), the amount of 
clutter competing with any given moving target exists 
only in a single or several image pixels (also called 
range-Doppler cells), thus, the clutter can be rejected 
almost perfectly. The combination of GMTI and SAR 
offers the capability of detecting and locating dim tar-
gets.  
To filter moving targets from clutter, the displaced 
phase center antenna (DPCA) method has been devel-
oped in Ref.[1], which exploits the spatial and tempo-
ral coherence property of background echoes. As is 
known, this technique is very sensitive to image 
co-registration error and channel mismatch. Along 
track interferometer (ATI)[2] has been used extensively 
to measure ocean surface currents where the entire 
ocean surface acts as a single large target moving at a 
nearly uniform velocity. In the GMTI case, however, 
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the objective is to detect dim, discrete targets in a sta-
tionary scene, which requires that the coherent SAR 
images are accurately co-registered and the signal- 
to-clutter plus noise ration is sufficiently large. The 
method proposed in Ref.[3] using the joint pixels vec-
tor for interferogram estimation shows considerable 
robustness with a finite image co-registration error. 
However, the dimension of the joint pixels vector is in 
proportion to the number of SAR images, i.e., the 
more baselines we fuse, the more independent and 
identically distributed (I.I.D) samples are required to 
estimate the covariance matrix. 
The detection performance and the estimation accu-
racy, such as DPCA, ATI and velocity synthetic aper-
ture radar (VSAR)[4], can be improved by using 
space-time adaptive processing (STAP) for multi- 
channel SAR[5-9]. The STAP is a bi-dimensional (spa-
tial and temporal) filtering for eliminating the effects 
of clutter and jamming. Since the publication of Bren-
nan and Reed’s article[10], the basic theory of STAP has 
been well developed in Refs.[11]-[14]. The full-di- 
mensional optimal STAP filter, in the sense of the 
minimum variance, requires the knowledge of the 
space-time covariance matrix of the cell under test 
(CUT). In practice, this matrix is unknown and has to 
be estimated by averaging the sample matrices over a 
larger number of secondary range cells. Several re-Open access under CC BY-NC-ND license.
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duced-dimension STAP methods, such as the extended 
factored approach (EFA)[15], the m-bins Doppler trans-
form-space adaptive  processing (mDT-SAP)[16], the 
joint-domain localized (JDL) processing[17], have been 
proposed to mitigate computational burden and loosen 
sample support requirements. Authors of Refs.[15]-[17] 
select training data set over range cells for a given 
Doppler bin and match target signal for each 
range-Doppler test cell. Thus the I.I.D sample data 
may be still insufficient, especially in heterogeneous 
environment. 
To overcome the problems stated above, a new re-
duced-dimensional algorithm based on the joint pixels 
sum-difference -6 '  data in SAR image domain is 
proposed. In Section 2, the -6 '  data model is ob-
tained from orthogonal projection of the joint pixels 
data of all the neighboring pixels within a rectangular 
window after coarse co-registration. Three types of 
clutter rejection approaches, i.e., full-dimensional op-
timal processing, full-dimensional suboptimal proc-
essing and reduced-dimensional suboptimal processing, 
are presented in Section 3. Moreover, the statistical 
analysis for constant false-alarm rate (CFAR) detection 
of moving targets is given and some useful conclu-
sions have been deduced in Section 4. With fewer re-
quirements of I.I.D samples and lower complexity, the 
proposed algorithm shows effectiveness and superior 
performance via a number of simulations in Section 5. 
Discussions of the results along with conclusions are 
given in Section 6. 
2. Data Model 
Consider an along track distributed satellite radar 
system which acquires two-dimensional information 
(range-Doppler image or SAR image) of a stationary 
scene at various time points. We are interested in the 
case that the size of range-Doppler resolution cell is 
larger than that of the moving target dimension, i.e., a 
cell under test contains both clutter and moving target. 
Suppose the complex data, denoted as ( , )kf m n , of 
one range-Doppler cell of image k ( k=1, 2, …, N, and 
N is the number of channel) can be modeled as 
0
1
 
 
: ( , ) ( , ) ( , )
: ( , ) ( , ) ( , ) ( , )
k k k
k k k k
H f m n c m n n m n
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where 0H  is the null-hypothesis indicating moving 
target’s absence, 1H  the alternative hypothesis indi-
cating moving target’s presence, ( , )kc m n  the wide 
sense stationary clutter with zero mean, ( , )kn m n  the 
additive noise term, r( , ) ( , ) exp( j ( ))k ks m n s m n vI    
the target signal with radial velocity r ,v  and r( )k vI  
the target phase of image k. 
Assume that the coherent range-Doppler images of 
the stationary scene are accurately co-registered. Radar 
echoes in SAR images of the stationary scene appear 
the same; however, the same is not true of moving 
target. Thus moving target detection can be achieved 
by adopting conventional DPCA or ATI. This idealistic 
scenario, however, is never encountered in practice. 
Especially when the range-Doppler images are not 
accurately co-registered, the performance of DPCA or 
ATI would be degraded markedly. Illuminated by re-
duced-dimensional STAP approaches, the joint pixels 
-6 '  channel data model in SAR image domain is 
proposed. 
Let S a d(2 1) (2 1)N n n     denote the size of a 
rectangular window where a(2 1)n   and d(2 1)n   
mean the width of a rectangular window along azimuth 
and range direction respectively. The joint pixels data 
vector which is centered at (m, n) can be formulated as 
follows (see Fig.1): 
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Fig.1  Sketch map of obtaining joint data vector. 
Then the joint pixels -6 '  data are given by  
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where 1[1    1] Nu "N  and 1[ 1  1    1  1] Nu  "9  
(so long as 0,+  9N  the difference channel data 
( , )m n'X  can be obtained). Note that *  is a row 
full-rank matrix and H6 '  0* * , thus orthogonal pro-
jection of J ( , )m nX  onto *  to construct ( , )m nX  can 
be obtained. In the sense of statistical expectation, the 
common and different information among the SAR 
images is included in ( , )m nX . In practice, adjacent 
pixels are statistically dependent due to the range- 
azimuth mapping processing, hence the difference 
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channel data for stationary scene are usually reason-
able even with a finite image co-registration error. 
3. Clutter Rejection 
Without clutter rejection techniques, the weak target 
signal has no chance of being detected, no matter what 
its radial velocity is. Since clutter is stationary, as dis-
cussed in Section 2, it can be suppressed by using a 
two-dimensional filter which adapts to the SAR image 
data. We intend to design an optimal linear combiner 
(complex-valued weighting vector optw ) that mini-
mizes the expected power from clutter and additive 
noise for a given moving target subject to a constraint 
ta . 
opt
H
opt opt J opt
H
opt t
T
t r 1 vec
min     
s.t.  1
      [1  2    ( )]N NvI u
½ °° ¾°  °¿
w
w w R w
w a
a b"
      (4) 
where   denotes the Kronecker tensor product, 
S
T
vec 1[0    0  1  0    0] Nu b " "  (the position of “1” 
corresponds to that of the CUT), and JR  can be for-
mulated as 
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where ^ `[   ]J [   ]( , ) q Q Qp P Pm p n q    X  is assumed to be 
I.I.D samples from the neighboring pixels pair. It is 
also assumed that S(2 1)(2 1) 2P Q N N  t   could 
make the performance loss within 3 dB by adaptive 
processing compared with the optimal match filter.  
In practice, the constraint of moving targets is al-
ways unknown and the clutter-plus-noise energy domi-
nates J ,R  since moving targets are sparsely distrib-
uted in SAR image. The reduced-dimensional subop-
timal weighting vector sdw  and the full-dimensional 
suboptimal weighting vector Jw  which is the optimal 
weighting vector for clutter rejection in the Wiener 
filter sense shown in Appendix A, can be computed by 
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The well-known solution to this problem is given by 
1 1
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        (7) 
A brief qualitative discussion of the performance 
loss of clutter cancellation based on sdw  and Jw  is 
presented as follows. Assume that XR  and JR  can be 
eigen-decomposed into 
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where 
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S
]N NP . The set of orthogonal basis vectors 
S1 2 2
[       ]Nv v v"  of linear space S2 NuC  is orthogonal 
projection of 
S1 2[       ]N N"P P P  onto the row space 
of .*  sdw  is equivalent to Jw  in clutter rejection 
performance when *  is a full-rank matrix, i.e., 2N  . 
If *  is not an orthogonal matrix, but its rows are a set 
of orthogonal basis vectors, so long as S2K N  
(where K is the dimension of the clutter subspace), the 
clutter subspace is distinguishable in a reduced-di- 
mensional subspace. Selecting 9  to ensure 0+  9N , 
the difference information among SAR images can be 
fully obtained. Then the performance loss caused by 
reduced-dimensional suboptimal processing is weaker 
than that of full-dimensional one.  
4. Statistical Analysis 
As is known, the constant false-alarm rate detector 
test for moving target indication can be derived by 
taking into account the joint density function of the 
magnitude and phase of detection image. Many 
non-Gaussian statistics, e.g., the Log-normal, K-distri- 
bution, non-central gamma distribution, multiplicative 
texture model and polynomial distribution, have re-
ceived a great deal of attention as to the modeling of 
non-homogeneous clutter[18-21]. However, the approach 
for clutter rejection tends to divide SAR image into 
segments which may contain clutter with stationary 
spatial distributing properties. For this reason, statistics 
of the magnitude and phase of the residual image after 
clutter cancellation can always be approximated by 
Rayleigh distribution with the central limit theorem. 
Herein, for simplicity and without loss of generality, 
under the assumption of 0 ,H  the joint probability 
density function (PDF) of magnitude r and phase I  of 
residual image is given by 
2
0 2 2
n n
pdf ( , | ) exp
2 2
r rr HI V V
§ · ¨ ¸¨ ¸S © ¹ 
      (9) 
where 2 2n n (2 CNR)V V ]    denotes the equivalent 
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noise power of residual image, 2nV  the noise power, 
and CNR the input clutter-to-noise ration, 2(1]    
clu| |)U  and cluU  are the complex correlation coeffi-
cients, | * | denotes complex conjugate.  
In a similar manner, the marginal PDF of magnitude 
of residual image, under hypothesis 1H , is expressed 
by 
r
2 2
t  
1 02 2
n n
2 (1 cos )
pdf ( | ) exp ( ),  0
2
vr Srr H I r
I EV V
§ · ¨ ¸  t¨ ¸© ¹
 
 (10) 
where tS  is the amplitude of the target and rvI  de-
notes the differential phase caused by target moving 
with radial velocity rv . The value of r vI  lies between S  and S  by phase wrapping. 0 ( )I   is the modified 
Bessel function of order zero, and ȕ = 
rt
2 sin( /vS r I  
2
n2) /V . 
Let 2 2t nSNR /S V  and 2 2 2t n cSCNR / ( )S V V   
denote the input signal-to-noise ration and the input 
signal-to-clutter-plus-noise ration, respectively. Let the 
probability of false alarm fa( )P  be fixed, the probabil-
ity of detection d( )P  can be determined by integrating 
Eq.(10): 
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where 2t n fa2 ln(1/ )r PV   denotes the magnitude 
threshold. Based on Eq.(11), we can come to a useful 
conclusion. The detection performance deteriorates 
markedly with 
r vI  being close to zero. The optimal 
detection performance can be achieved when the dif-
ferential phase equals to S  or S . It is true for 
SAR/GMTI approaches (e.g. ATI technique, DPCA 
technique). 
5. Simulation and Numerical Evaluation 
The aim of this section is to demonstrate the capa-
bility of the proposed clutter rejection algorithm. The 
performance of the detector for moving targets has 
been presented, too. 
The simulation is shown in Table 1 and Fig.2. In 
Fig.2, tow areas with homogeneous and non-homo- 
geneous scattering properties have been chosen to 
compare the performance of clutter cancellation by 
adopting reduced-dimensional algorithm with that of 
the full-dimensional ones.  
As shown in Fig.3, smaller eigenvalues are diffused 
to the principal eigenvalues of XR  with the image 
co-registration error (d ,d )m n  (unit: pixel) increasing. 
The reduced-dimensional suboptimal processing algo-
rithm should reject clutter effectively when smaller 
eigenvalues exist, i.e., the noise subspace is distin-
guishable. In fact, the noise subspace of XR  always 
exists after SAR images are coarsely co-registered 
(about one pixel). 
Table 1 Parameters of multi-satellite radar system 
Parameter Value 
Along track baseline/m (0, 106.16, 210.4, 309.5) 
Platform altitude/km 676 
Central slanting range/km 1 000 
Moving velocity/(m·sí1) 7 518.9 
Wavelength of carrier/m 0.18 
CNR/dB 20 
SCNR/dB 0 
(na, nd) (2,2) 
Resolution cell size/m 7×5 
 
 
Fig.2  SAR image of simulation terrain. 
 
Fig.3  Eigen-spectra varying with co-registration error. 
Fig.4 shows the output SCNR as a function of target 
radial velocity rv  with no co-registration error for 
homogeneous terrain. Experimental results are ob-
tained by Monte Carlo computer simulations. Each 
velocity represents 200 experiments. When we obtain 
enough I.I.D samples, the full-dimensional optimal 
processor has about 6 dB improvement over the 
full-dimensional suboptimal processor. Although the 
· 624 · Yang Zhiwei et al. / Chinese Journal of Aeronautics 22(2009) 620-626 No.6 
 
full-dimensional suboptimal algorithm has a flatter 
response curve than the reduced one, a certain im-
provement corresponding to the latter can be found in 
view of the average output SCNR level. 
 
Fig.4  Output SCNR vs vr without co-registration error 
for homogeneous terrain. 
In the presence of a co-registration error, (e.g., more 
than one tenth pixel), the full-dimensional optimal 
algorithm tends to deteriorate strongly caused by the 
mismatch between the ideal target steering vector and 
the real one. Herein we give our whole attention to the 
performance of the full-dimensional suboptimal algo-
rithm in contrast with that of the reduced one in the 
following simulation. Assume that the scene is homo-
geneous with (±0.75, ±0.40) co-registration error. 
Fig.5 shows the output SCNR versus vr. Although the 
output SCNR level decreases in comparison with that 
in Fig.4, the almost perfect agreement between the two 
curves can be clearly denoted. It confirms the validity 
of the proposed reduced-dimensional processing algo-
rithm even with an image co-registration error. We 
should also note that the undulation of the output 
SCNR level can be mitigated by regulating the dis-
tance between the processing channel and reference 
channel (phase centers) or tuning the operating fre-
quency. 
 
Fig.5  Output SCNR vs vr with co-registration error for 
homogeneous terrain. 
For the heterogeneous scene, with ( 0.15, 0.15)r r  
co-registration error, Fig.6 gives the corresponding 
response curves of output SCNR versus rv . It is obvi-
ous that the output SCNR of the proposed algorithm is 
higher than that of the full-dimensional suboptimal 
algorithm. In the case of the same small sample sup-
port, the non-homogeneity of terrain would lead to the 
decrease of I.I.D samples; the estimation noise sub-
space associated with XR  is more accurate than that 
with J ,R  since the dimension of the former is less 
than that of the latter. Therefore, a better performance 
can be achieved by adopting the proposed re-
duced-dimensional algorithm. 
 
Fig.6  Output SCNR vs vr with co-registration error for 
heterogeneous terrain. 
Fig.7 shows the corresponding curves of dP  as a 
function of input SNR with the given differential phase 
rvI . It is noticeable that the less r vI  departs from zero, 
the lower dP  can be deduced, which implies that it is 
difficult to identify these very slow, roughly stationary 
moving targets from clutter, regardless of its signal-to- 
noise ration level. 
 
Fig.7  Pd vs input SNR at given rvI when Pfa = 10í5. 
In Fig.8, dP  has been plotted as a function of input 
SNR with a given clutter correlation coefficient. The 
probability of detection will deteriorate with the de-
crease of the coherence. Considering that the typical 
values of coherence for solid surfaces in ATI are 
roughly between 0.95 and 0.99, the proposed algo-
rithm is of effectiveness. 
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Fig.8  Pd vs input SNR with given |ȡclu| when rvI = ʌ, 
CNR = 20 dB and Pfa = 10í5. 
6. Conclusions 
In this article, great attention is paid to the combina-
tion of GMTI and SAR techniques. We have proposed 
a new reduced-dimensional algorithm based on the 
joint pixels -6 '  data for clutter rejection. Using the 
neighboring pixels to reject clutter, the proposed algo-
rithm, in comparison with the full-dimensional subop-
timal algorithm, reduces the complexity and loosens 
the requirement of I.I.D samples. It is robust in the 
presence of an image co-registration error and is of 
effectiveness even for heterogeneous terrain, which is 
confirmed by simulations. 
It is well known that the performance of optimal 
clutter reduction method suffers seriously from the 
steering vector mismatch. This could be improved by 
using a subspace method for steering vector estimation. 
This is an obvious possibility for future studies. 
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Appendix A 
In this Appendix, we give the optimal weighting 
vector for clutter rejection in the Wiener filter sense 
under zero hypothesis. First, the adaptive weighting 
vector for clutter rejection can be given by  
H
Jmin ( , )
s.t. 0
E m n 
!
w
w w X
w         (A1) 
where E  denotes the expectation. Reshape 
J ( , )m nX  as 
J 1 1 a d a
d 2 1 a
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ence signal, Eq.(A1) can be rewritten as 
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where 
1
2 *
1 1( , ) ( , )f E f m n f m nV  . Based on the ma-
trix inversion lemma, the inverse matrix for 
JX
R   can 
be written as 
2:
J
1J
2: 2:
J J 1
H
21
1
N
N N
f
f
f
K V
K


ª º« »« » « »« »¬ ¼


 
X
X
X X
r
A
R
R r A
     (A5) 
where 2: 2: 2:
1 J 1 J J 1
2 H 1
N N Nf f fK V     X X Xr R r , 2: 2:J J 1N N f X XA R r  <  
2:
1J
H 2/N ff VXr  . Then the weighting vector can be formu-
lated by 
J
J
S
1
vec
H 1
2: vec vec
T
vec
1
[1 0 0]
N
N N


u
ª º  « »¬ ¼
 
X
X
R a
w
w a R a
a


"
        (A6) 
In a similar manner, the optimal adaptive weighting 
vector for clutter rejection, in Winner filter sense, can 
be computed by 
1
J Jt
J 1
Jt J Jt
H


R aw =
a R a
             (A7) 
where TJt 1 vec[1 0 0] Nu a = b" . 
Since the difference channel data contain different 
information among the SAR images, the difference 
data should be selected as the reference signal. There-
fore, the adaptive weighting vector based on the joint 
pixels -6 '  data can be computed by 
1
X rt
sd H 1
rt X rt


R aw =
a R a
           (A8) 
where 
S
T T
rt 1 vec 1 2[ ]SN Nu ua = b0  and 
H
X J R R* * . 
 
